Introduction
Optical components that permit the miniaturization of photonic integrated circuits to a scale comparable to the wavelength of light are good candidates for future optical network and optical computing. All-optical communication is one of the solution for the electronic bottleneck viz speed and size, thanks to their ability to process the information at the speed of light. Optical logic gates are the fundamental components in optical digital information processing. In recent years, researchers have demonstrated all-optical logic gates using different schemes based on nonlinear effects in optical fibers (Ahn et al., 1997; Bogoni et al., 2005; Menezes et al., 2007) , in semiconductor devices (Kyoung Sun Choi et al., 2010; Kim et al., 2002; Zhihong Li & Guifang Li 2006; Dorren et al., 2004; Stubkjaer, 2000) and in waveguides (Tetsuro Yabu et al., 2002; Yaw-Dong Wu, 2005; Yaw-Dong Wu et al., 2008) . But most of the reported works suffer from certain fundamental limitations including big size, low speed and difficult to perform chip-scale integration.
Nowadays, photonic crystals (PhC) draw significant attention as a platform on which to build devices with dimensions in the order of wavelengths of light for future photonic integrated circuits. They are having some unique properties such as compactness, high speed, low power consumption, better confinement which make them promising candidate in photonic integrated circuits (Yablonovitch, 2003; Cuesta-Soto et al., 2004) . Logic functions based on photonic crystal can be realized by nonlinear effect , ring resonator (Andalib & Granpayeh, 2009) , and multimode interference (Hong-Seung Kim et al 2010) . They require significant amount of power, nonlinear material, long interaction length and two different wavelengths for probing and input signals. One of the effects of complex spatial dispersion property in PhC namely self collimation provides a mechanism to employ optical switching and logic functions (Zhang et al., 2007; Susan et al., 2010) .
Theory of photonic crystal
Photonic crystals (PhC) are new class of optical material represented by natural or artificial structure with periodic modulation of the permittivity. Multiple interference of light on a periodic lattice leads to a photonic band gap and anomalous dispersion because light with a wavelength close to the period of modulation cannot propagate in certain directions. This
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Photonic Crystals -Introduction, Applications and Theory 64 peculiar property leads to an opportunity for a number of applications. Depending on the geometry of the structure, PhC can be classified into one-dimensional (1D), two dimensional (2D) and three-dimensional (3D) structures. Two-dimensional photonic crystals impose periodicity of the permittivity in two directions, while in the third direction the medium is uniform. Because of the ease of fabrication and analyzing, 2D photonic crystals have attractive attention of large number of researchers and engineers.
The properties of photonic crystal can be engineered through the process of doping which is achieved by either adding or removing dielectric material in a certain area. The dielectric materials then act as a defect region that can be used to localize an electromagnetic wave. Upon incident radiation, the periodic scatterers, that is the periodic dielectric materials in the photonic crystal could reflect an incident radiation at the same frequency in all directions. Wherever in space the reflected radiation interferes constructively, sharp peaks would be observed. This portion of the radiation spectrum is then forbidden to propagate through the periodic structure, and this band of frequencies is called photonic bandgap. On the other hand, wherever in space an incident radiation destructively interferes with the periodic scatterers in a certain directions, this part of the radiation spectrum will propagate through the periodic structure with minimal attenuation and this band of frequencies is called pass band. Introducing point defect or line defect, strict periodicity in the PhC is broken and can form optical cavity with high Q factor and low mode volume or lossless optical waveguide.
Two dimensional square lattice and Brillouin zone
In two dimensional photonic crystals the permittivity is modulated in two directions, say in the x and z plane: (r) = (x,z). Periodicity in two dimensions can be realized in various geometries, the most common being the square and the triangular lattices. In our work, we consider square lattice of silicon rods embedded in air background. This square lattice having a starting period a'=√2 a along the x axis where 'a' is lattice constant and oriented at 45° with respect to the x axis as shown in Figure 1a . Successive rods are shifted by x along the x axis and by z along the z axis, x and z values are given as '/ 2 / 2 xy a a
In this case, the direct lattice is formed by the primitive vectors a 1 and a 2 in the real space and given by the following equations
Where xandẑ are unit vectors along the x axis and z axis respectively.
Reciprocal lattice vectors b 1 and b 2 in the reciprocal space are written as
The first Brillouin zone is defined as the region of the reciprocal space formed by the points which are closer to the origin than to any other vertex of the periodical lattice. Our structure has a diamond shaped Brillouin zone, which is illustrated in Figure 1d . The Irreducible Brillouin Zone (IBZ) is the triangular wedge in the bottom right corner and the rest of the Brillouin zone can be related to this wedge by rotational symmetry. The three special points , M and X correspond to (0, 0), (√2л/a, 0) and (√2л/a, √2л/a) respectively. Due to periodicity structure, the behavior of the entire crystal can be obtained by studying the unit lattice in the IBZ. 
Bloch-floquet theorem
The dielectric function in wave vector is a function of spatial co-ordinates r and can be represented by
where g(k) is the dielectric function in wave vector representation and k is the wave vector.
In periodicity condition, the dielectric values of the function are repeated with lattice vector R in each direction and R= ma 1 +na 2 where m and n are integers. The dielectric constant in a periodic structure is given as 
where u k (r) is a periodic envelope function on the lattice and u k (r) = u k (r + R).
Photonic band gap -Plane Wave Expansion Method
Photonic crystals have photonic band gap, which is the gap between the air-line and the dielectric line in the dispersion relation of PhC. Photonic crystals forbid the propagation of the range of frequency in the band gap, and allow the propagation of other frequencies with low loss. Photonic band diagram gives the information about the dispersion characteristics w (k) for the Eigen mode of the PhC.
The Plane Wave Expansion method (PWE), can be used to calculate the band structure using an eigen formulation of the Maxwell's equations, and thus solving for the eigen frequencies for each of the propagation directions of the wave vectors (Igor A. Sukhoivanov & Igor V. Guryev, 2009) . The Helmholtz equations for TE and TM polarization can be derived from the fundamental Maxwell's equations,
The dielectric function can be expanded to the Fourier series due to the periodicity
where G is a linear combination of reciprocal vector G= lb 1 +nb 2 and (G) is Fourier expansion coefficient which depends on the reciprocal lattice vectors.
Substitution of Eq. 12 in Eq. 10 & 11 gives
The eigen value equations for the Fourier expansion coefficients of electric field and magnetic field are
These are 'Master Equations' for 2D photonic crystals. Here G and G' are in-plane reciprocal lattice vectors, k is in-plane wave vector and is the eigen frequency of the TE polarization. The E(G) and H(G) can be projected onto the unit and orthogonal vectors.
Rod type PhC consists of silicon dielectric rods with relative permittivity a periodically embedded in air with a dielectric permittivity b . For simplification, assume only one rod is present in the unit cell and the space dependence of the inverse of the permittivity in this elementary cell can be expressed as
where θ(r) is the Heaviside function and its value is 1 inside the rod and 0 outside the rod and a =1/ a , b =1/ b . The expression for Fourier expansion coefficients of the dielectric function is represented by
where V o is the volume of the unit cell. In our structure, V o = a 1x x a 2ẑ + a 1ẑ x a 2x . Substituting Eq. 17 in Eq. 18, the following equation can be obtained
where G,0 =1 if G=0 and G,0 =0 if G≠0. Using Bessel function Eq. 19 can be written as
where πr aexpansion of the dielectric function and the Bloch functions. Square lattice of silicon rod in air is considered in our structure with a = 11.56 and b = 1.
Thus from Eqs. 15 & 16, for any given value for k leads to an infinite eigen value problem, these truncated by restricting G to a set of M vectors. The k-path within the first Brillouin zone are setting through , M and X correspond to (0,0), (√2л/a,0) and (√2л/a,√2л/a) respectively. The wave vector k describes the edge of the IBZ along the direction X, M and MX for reaching the extrema of (k) and this establishes the dispersion relation. 
Dispersion properties of photonic crystals
Dispersion of the Bloch modes is one of the most important properties of the photonic crystals and it determines the propagation of modes in the crystal. It depends on many parameters of the PhC such as lattice type, the refractive index contrast between the dielectric material and the host material and distribution of atoms in the primitive cell.
Light pulse in a photonic crystal can be represented as a superposition of the Bloch modes with different Bloch vectors and frequencies
where k,m is m-th Bloch mode with the Bloch vector k and f(k,m) is the amplitude of the mode. The motion of the light pulse in photonic crystal is governed by the group velocity
. Since the light pulse is constructed from a superposition of several pulses with different combinations of k and n, let us consider them independently. Each pulse component has the group velocity
. If the group velocities V g,i are
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Optical Logic Devices Based on Photonic Crystal 69 close to each other the distortion of the original pulse will be minimal. If the group velocities are different the original pulse will widen. The group velocity and the group velocity dispersion are obtained from the dispersion diagram. The light propagation inside the PhC is governed by the Equifrequency Surface (EFS) which is the cross section of the band diagram at constant frequency. If the directions of the pulses components group velocities are perpendicular to the EFS, the widening of the original pulse is determined by the shape of the EFS. Each group velocity is locally perpendicular to local EFS. If the curvature of the EFS is large the original pulse will diverge or converge, depending on the sign of the curvature. So, depending on the EFS local curvature as well as on its evolution with the wavelength and the incident wave-vector, there are different types of effect are observed in PhC such as self-collimation, superlensing, negative refraction and superprism. These effects are used to control light propagation inside the PhC.
Self-collimation effect
Self collimation effect is a linear non-diffraction phenomenon, totally independent of light intensity (Kosaka et al., 1999) . PhC are designed to have dispersion properties that allow the beam to propagate without spatial spreading. In the equifrequency contour, flat square contour with zero curvature can be used to latterly confine the light since all the pulse components propagate with the same group velocity. This effect is called self-collimation effect. It provides a mechanism to control the light as in a waveguide. The Figure 3 shows the frequency contour for the square lattice PhC consisting of silicon rods embedded in air with rod radius 0.3a. In this contour map, the curves of the frequencies around 0.194(a/ ) can be identified as squares with round corners centered at the M point, where is the wavelength of incident radiation whose value is 1550 nm. So self-collimation phenomenon occurs around the normalized frequency 0.194. RSOFT BandSOLVE tool is used to calculate band diagram and equifrequency contour. When light is incident from a high refractive index (n h ) medium onto a low refractive index (n l ) medium, the incident wave is totally reflected back into the high refractive index medium at the interface, provided the incident angle is larger than the critical angle given by θc = sin -1 (n l /n h ) (ChulSik Kee et al., 2007) . Self-collimated beams can be totally reflected at the interface of a PhC and air because PhC and air correspond to high refractive and low refractive mediums respectively. When it undergoes total internal reflection, the field amplitude decays very rapidly into air and becomes negligible at a distance within one lattice constant. An air layer created by introducing a line defect by removing a few rods in a row is expected to give rise to total internal reflection. Reflection provides a mechanism for bending and splitting of self-collimated beams.
All optical logic gates
All-optical logic gates will be the key elements used in next generation optical computer and optical network. All-optical signal processing can handle large bandwidth signals, large information flows and no need of electrical to optical conversion. All-optical logic gates are capable of performing many logic functions. These are expected to find many applications in optical communication, photonic microprocessors, optical signal processors, optical instrumentation, etc. AND logic gate is used to perform address recognition, packet-header modification, and data-integrity verification. All-optical AND-gates have served as sampling gates in optical sampling oscilloscopes (Westlund, et al., 2005) owing to their ultrafast operation compared to traditional electrical methods. XOR gates can perform a diverse set of processing functions, including comparison of data patterns for address recognition and subsequent packet switching, optical generation of pseudorandom patterns, data encryption/decryption, and parity checking. Threshold detector functionality can be realized by XNOR logic gate. All-optical NOT-gates can be used as inverter and switches. Combination of logic gates may be employed to perform basic or complex computing and arithmetic functions such as binary addition, subtraction, comparison, decoding, encoding and flipflops.
Structure and optimum values of the proposed logic gates
The proposed logic gate is a square lattice two dimensional PhC that consists of silicon dielectric rods in air background. The structure has a width of The schematic circuital layout of the proposed logic gates is shown in Figure 4d . Electrical input signals 1 and 2 activate synchronized laser light sources 1 and 2 respectively to generate optical input signals I 1 and I 2 . The reference signal I ref is obtained from reference laser phase locked with lasers 1 and 2. All the input signals including reference have same frequency, polarization, phase, and optical path, with only the reference signal having different amplitude for different gate types. Two input optical signals are coupled using Y coupler and applied to one of the input port of the crystal device and the reference signal www.intechopen.com Optical Logic Devices Based on Photonic Crystal 71 I ref is launched at the second input port. The photonic crystal structure with mirror and splitter performs a specific logic gate function by combining the reflected signal and the partially transmitted reference signal. The optical output is detected and converted into electrical signal by photo detector. This structure can be used for stand alone logic gates. In an integrated circuit the output value will be standardized using a PhC amplifier and given to the input port of the next in sequence logic gate and so on. The proposed photonic crystal based logic gate utilizes both bending and splitting mechanisms of self collimating beam. In this structure two line defects are created by reducing the radius of 15 rods in the Γ-X direction. First line defect, in which 15 rods are completely removed act as mirror (M) and second one, in which the radius of the defect rods are reduced act as a splitter (S). When the self collimated beam is incident at rod-air interface, it is partially reflected and partially transmitted and there is a phase change 'ø' occurs in the reflected wave. The power splitting ratio at the line defect and phase difference between the transmitted and reflected signals are dependent on the radius of the rod. From the Figure 5 it is evident that at the defect rod radius r d =83nm=0.274a the transmitted and the reflected powers are divided equally and at r d =0 the mirror completely reflects the incident beam. Thus mirror completely reflects the incident beam and the splitter splits the beam with the power ratio 50:50. The phase difference between the transmitted and reflected beam depends on the defect rod radius. If the defect rods radii r d varied and greater than host rods radii the phase difference between the transmitted and the reflected signal is -π/2 and if it is less than host rods radii the phase difference is π/2 (Deyin Zhao et al., 2007) .
PhC logic gate structure consists of four ports. Inputs and reference inputs are applied to port 1 and port 2 and the outputs are taken from the output ports 1 and 2. All incident signals including reference signal having the same wavelength of 1.55 m, phase, and polarization. At the interfering point the path lengths of input signals are equal that is the path length from the AMS is equal to the path length BS which is set as 16 2a . The reflected input signal from the mirror interferes with another signal at the splitter. This interference is either constructive or destructive depending on their phase difference. The output taken from the output port 1 is destructive and port 2 is constructive.
Based on the relation between the transmitting and the reflecting signal t 2 + r 2 =1, the transmission amplitude of the beam is e/ 2 i and the reflection amplitude is 
and its corresponding intensity
Intensity of the reference signal is set at different levels according to the desired logic gates. In our simulations the mesh sizes in the x-and z-directions are set to be a /16. The time step for this mesh size is calculated from the Eq. 26 and it is found to 0.04 femtosecond. The calculated area is surrounded by a Perfectly Matched Layer (PML) boundary.
Realization and simulation results of logic gates

XOR and OR logic gates
The input signals I 1 and I 2 are applied to the port 1 and 2 and the XOR gate outputs is taken from the output port 1. I 1 and I 2 are equal to P 0 . The reflected input signal I 1 from the mirror interfered with either reflected signal or transmitted signal of I 2 at the splitter. Either destructive or constructive interference are obtained at port 1 or 2 respectively depending on their phase difference. When both the input signals are same the output of XOR gate is zero and both are different the output is one.
In the case of OR gate, the input signals are combined and applied to the input port 2 and the output is taken from the output port 1. When both the signals are zero the output is zero and if any one of the input is high, the output is also high. To validate this theoretical prediction, steady state electromagnetic field distribution is simulated using FDTD method. Rsoft FullWAVE software is used to simulate logic gate functions. The field distributions of XOR and OR logic gates are shown in Figure 6 and their corresponding truth table is shown in Table 1 . Figure 8 and Figure 9 respectively. 
NAND and XNOR logic gates
For NAND logic realization, inputs I 1 and I 2 are set as P 0 and reference beam I ref is set as 2.5P 0 . These are applied at input port 1 and 2 respectively. In NAND logic, when both the input signals are high the output is zero and any one of the input signal is low the output is high. It is evident from the simulation that when none of the signal is applied the output is 1.25P 0 and if any one of the signal is applied the output is 0.756P 0. If both the signals are excited the output is 0.25P 0. The inputs I 1 & I 2 and I ref are considered as P 0 for XNOR gate realization. Logic operation for XNOR gate is known that when both the inputs are same the output is high and if both the inputs are different the output is low. In simulation, it is found that the output is 0.505 P 0 for simultaneous excitation of inputs and also for none of the input signal. When any one of the signal is applied the output is 0.001P 0 . The simulated field distributions of XNOR logic gate are illustrated in Figure 10 and NAND logic gate field distribution is shown in Figure 11 . Table 3 explicates the truth  table for 
Photonic crystal optical logic devices for a packaged system
In a complete packaged system, photonic crystal based laser light sources, logic gates and detector are integrated within a single chip. Figure 12 illustrates the integrated photonic crystal based devices. Light source laser is based on a 2D photonic crystal slab patterned with a square lattice. Holes are drilled in GaAs dielectric material. The periodicity of the holes is fixed at 315 nm, and the hole radius is tuned from 105 to 130 nm to change the resonance frequency of the cavities (Hatice Altug et al., 2006) . Lasers are driven by the given electrical signals and the corresponding optical output is applied to the all-optical logic gate. Laser 1 & 2 output signals are coupled using coupler and launched to the input port 1 of logic gate and the phase locked reference signal is applied to input port 2. All-optical logic gate performs the logical functions in optical domain.
In the integrated photonic crystal based logic gates, output value of the logic gate will be standardized using a PhC amplifier. The gain of the amplifier is adjusted such that the output level is either "1" or "0". In Figure 12 AND logic gate output is standardized and given to one of the input of XOR gate and other input is getting from the output of another preceding logic gate. Thus the standardized output of one logic gate is given to the input port of the next in sequence logic gate and so on. Finally the output of the last logic gate is applied to the photodetector. The photodetector detects the optical signal. Photo detector is designed using triangular air-hole photonic crystal with lattice constant is 420nm and slab thickness is 204 nm (M Notomi and T Tanabe 2010). The detector converts the optical signal into electrical output.
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Challenges in fabrication
The designing of the beam splitter and the mirror requires high precision of fabrication. Any small deviation from the design of the beam splitters leads to a decay of the optical performance. For instance, a beam splitter would present a wrong phase shift, optical loss, unequal splitting or even mirror like operation if its narrow veins are unintentionally narrower or removed. The Silicon rods must be uniform, smooth and vertical at the side wall in order to maintain the collimation effect throughout the device. The optical path length of the interfering signals should be maintained equal otherwise it will lead to additional phase shift.
Conclusion
Thus all the logic gates functions are implemented in non-channel photonic crystal. Selfcollimation, bending and splitting effects are used to realize logic gates. The Finite Difference Time Domain method (FDTD) gives fairly accurate results in line with the theoretically predicted concepts. The proposed design exhibits an on-off contrast ratio around 3 dB and a device size of 10x10 m 2 operating at the optical communication wavelength 1550 nm. The main advantages of all-optical logic gates are small dimensions, simple structure and high speed. These devices may turn out to be good candidate for optical computing and photonic integrated circuits. The first volume of the book concerns the introduction of photonic crystals and applications including design and modeling aspects. Photonic crystals are attractive optical materials for controlling and manipulating the flow of light. In particular, photonic crystals are of great interest for both fundamental and applied research, and the two dimensional ones are beginning to find commercial applications such as optical logic devices, micro electro-mechanical systems (MEMS), sensors. The first commercial products involving twodimensionally periodic photonic crystals are already available in the form of photonic-crystal fibers, which use a microscale structure to confine light with radically different characteristics compared to conventional optical fiber for applications in nonlinear devices and guiding wavelengths. The goal of the first volume is to provide an overview about the listed issues.
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